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Abstract

Stability theory and numerical experiments are presented for a finite difference
method that directly discretizes the Neumann problem for the second order wave
equation. Complex geometries are discretized using a Cartesian embedded boundary
technique. Both second and third order accurate approximations of the boundary
conditions are presented. Away from the boundary, the basic second order method
can be corrected to achieve fourth order spatial accuracy. To integrate in time, we
present both a second order and a fourth order accurate explicit method. The sta-
bility of the method is ensured by adding a small fourth order dissipation operator,
locally modified near the boundary to allow its application at all grid points inside
the computational domain. Numerical experiments demonstrate the accuracy and
long-time stability of the proposed method.

1 Introduction

There are many methods to solve the wave equation numerically. Methods based on
variational principles [1] have the advantage that the energy is conserved, but they are
not as efficient as difference methods. On the other hand, difference methods are prone to
instabilities. To avoid these one often has to add dissipative terms and the energy is not
conserved. Luckily, the instabilities are often weak and caused by high frequency waves
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which are not accurately represented anyway. Therefore, one constructs the dissipation
in such a way that it acts mainly only on these frequencies. We feel that the fixation on
energy conservation often goes too far. Large phase errors can destroy the solution as
well.

In this paper we continue the development of numerical methods that directly dis-
cretize the second order wave equation without first re-writing it as a system of first order
equations. In particular, we want to discuss the kind of instabilities that can arise and
how to control them. Since we treated the Dirichlet problem in [2], we consider here only
the Neumann problem

utt:Au+F(m,t), IBGQ, t>0,
ou

o (@) = flz.t), zel, t>0, (1)

u(x,0) = up(x), w(x,0)=ui(x), zecQ,

where €2 is a bounded one or two-dimensional domain with boundary I'.

We will discretize (1) on a Cartesian embedded boundary grid. The embedded bound-
ary technique for discretizing partial differential equations date back to the first order tech-
nique by Weller and Shortley [3] and the higher order generalizations of Collatz [4]. More
recently, several embedded boundary methods have been presented for various types of
partial differential equations. For example, Pember et al. [5] used a Cartesian grid method
for solving the time-dependent equations of gas dynamics. Zhang and LeVeque [6] solved
the acoustic wave equation with discontinuous coefficients written as a first order system.
They derived special difference stencils that satisfy the jump conditions at the interior
interfaces, where the coefficients are discontinuous. A staggered grid method was used
by Ditkowski, Dridi and Hesthaven [7] for solving Maxwell’s equations on a Cartesian
grid. The methods described in these papers all solve first order systems (in time). For
Poisson’s equation with Dirichlet boundary conditions, Johansen and Colella [8] derived
an embedded boundary technique based on the finite volume method combined with
multi-grid.

We proceed by presenting the highlights of our proposed method. The domain {2
is covered by a Cartesian grid with step size h where the grid points are located at
x;; = (x;,y;)" = (ih, jh)T, and the boundary I is allowed to cut through the grid in an
arbitrary manner, see Figure 1. Let t,, = nk, k = 0,1, 2, ... denote the time-discretization
with step size k, and let v'; be the difference approximation of w(x;, yj, tn). A second
order accurate approximation of the Laplacian of u is given by

1
no o __. n n n n n
Ah“i,j = ﬁ(“iﬂ,j TU 1 TV TV 4Ui,j)- (2)

To be able to evaluate Apv}'; at all grid points inside {2, we use ghost points just outside
the domain. Consider the case in Figure 1 where the grid point x;; is outside of (2,
but «; ;11 is inside. To aid in the approximation of the Neumann boundary condition,



Figure 1: The points used for discretizing the Neumann boundary condition.

we construct a third order accurate interpolant between three points along the normal:
(0,v7), (§1,v7), (11, v7). Here & and &7 = 2§ are the distances between x; ;, along the
normal going through that point, and the horizontal grid lines ;1 and y;2, respectively.
After differentiating the interpolant, we get a second order accurate approximation of the

(outward) normal derivative

v
fo)vzj =: govi; + vy + gy = %(mfj, t,) 4+ O(h?), (3)
where a:ZF] is the intersection point between the boundary and the normal going through

x; ;. The coefficients g; are given by

3¢ — 2% 2% -2 _ & 2% (4)
= —25% y g1 = —5% y 911 = 25% J

where {r is the distance between x; ; and the boundary. Since the coefficients g; = O(1/h),

we need to use third order accurate approximations for v} and v};. Here we use Lagrangian
interpolation along the grid lines y;,; and y;o:

vy = COUZ]'H + CIU?H,J‘H + C2vzn+2,j+17

UIT = C3Vj g T CaViy jio T C5Ug jyo-
The resulting formula for Dg)vi,j holds when the angle 6 between the z-axis and the
normal satisfies 7/4 < 6 < 7/2. When 0 < 0 < 7/4, the horizontal interpolations to
obtain v; and vy; are replaced by corresponding interpolations in the vertical direction.
The expressions in the remaining three quadrants are simply obtained by reflections in



index space, leading to a total of 8 different cases to treat all possible directions of the
boundary.

The second order boundary condition formula results in an overall second order scheme,
but since the boundary condition is discretized using one-sided differences, the truncation
error will be larger at the boundary than in the interior, where a centered scheme is used.
We can easily modify the above technique to construct a third order accurate formula
DS’)vi,j to make the coefficient in front of the leading second order truncation error term
smaller. In this case, three interior values v, vy7, and vy are interpolated using fourth
order Lagrangian interpolation along three contiguous grid lines. Hence this stencil in-
volves 12 interior points. The third order boundary condition formula works nicely for
well resolved geometries where there are enough interior points. For less resolved geome-
tries, or for very thin regions where two parts of the boundary are close to each other, we
will use the second order boundary condition formula.

All ghost point values in (2) can be eliminated using formulas of the type (3). The dis-
crete approximation of the Laplacian of u (for functions subject to the boundary condition
Ou/On = f(x",t)) can then be written in matrix form

Au = Av + b(t) + O(h?). (5)

Here the array v contains the solution at all grid points inside 2 and b(t) is the discrete
counterpart of the boundary forcing f(xr,t).

Because of the discretized form of the Neumann boundary condition, the matrix A
will not be symmetric. As a result, the basic scheme proposed in [2],

"t — 2" 4t
L2

suffers from a weak instability (here F'(t,,) is the discretized version of the internal forcing
F(a,t,)). The definition of a weak instability will be given in Section 4. To under-
stand the loss of stability, we analyze a number of model problems. We start with the
one-dimensional half-plane (§ 2) and strip (§ 3) problems, proving that the difference
approximation is stable in these cases, without damping. The two-dimensional case is
analyzed in Sections 4-6, where we show that the tangential derivatives that occur in the
truncation error of the boundary condition can lead to instabilities, both for the half-plane
and strip problems. We also show that our scheme can be stabilized by a small fourth
order artificial dissipation of the type h®A%v,. However, a centered finite difference sten-
cil such as AZw; is wider than the discretized Laplacian, so it is not possible to use this
damping term all the way up to the boundary (without adding extra numerical boundary
conditions). Instead, we suggest using the discrete operator h? AT (A(v™ —v"~1)/k) which
can be applied all the way up to the boundary. Away from the boundary, it is equivalent
to A2 (v" —v" 1) /k. For the general case with inhomogeneous boundary conditions and
internal forcing, the proposed scheme becomes

,UnJrl — 20" + ,Unfl
kQ

= Av" 4+ b(t,) + F(t,),

= Av" + b(t,) + F(t,) — ah*A" <A('v" —v" Y /k+ @(tn)> . (6)

dt



We note that the sparse structure of A can be used to efficiently evaluate both Av and
ATvp, without the need to store the matrix explicitly, see appendix A.

In Section 7.1, we will demonstrate that this discretization does not suffer from the
“small cell” stiffness problem that commonly is encountered when the finite volume
method is used on a Cartesian grid with an embedded boundary, cf. [9]. We will also
show that the damping term inflicts an O(h?) perturbation of the undamped scheme
(§ 7.2), and by numerical experiments in Section 8 we will demonstrate that it suffices to
take o very small (of the order O(107?)). Hence, the resulting numerical solution will be
second order accurate and the scheme is well suited for long time calculations where it
is important to keep damping to a minimum. In Section 7.3, we also present correction
terms that optionally can be added to make the scheme fourth order accurate in time
and space (away from the boundary). A number of numerical examples are presented in
Section 8 to asses the accuracy and long time stability of the method with and without
fourth order corrections, both for smooth boundaries and in the presence of corners. The
proposed method is finally used for a resonance analysis of wave propagation in a harbor.

2 The one-dimensional half-plane problem

We start with the half-plane problem

Uy = Upe, 0 <00, 120,

w(z,0) = f(x), (7)

with boundary conditions

uz(0,t) =0, lim wu(z,t) = 0. (8)
Let x, = vh, h > 0, denote the grid points, v(z,,t) be a grid function, and D v(z,,t) =
(v(2y41,t) —v(w,, 1)) /h represent the usual forward difference operator. We want to solve
(7),(8) by the simplest central difference approximation

v(z,,t) = DyD_v(z,,t), v=12,...,
v(y,0) = f(zv), (9)
with boundary conditions

D, v(0,t) + ahD%v(0,t) + BR*D3v(0,t) = 0,  lim v(x,,t) = 0. (10)

T, —00

[fweseta=p0=0o0r a= —%, = 0, we obtain a first order or second order accurate

approximation, respectively. In these cases we can prove stability by energy estimates,
see [2]. If o = —3 and 3 = %, we obtain the third order accurate approximation

1 1
D v(0,t) — 5hDiv(o,t) + ghQDiv(o,t) =0. (11)



In this case, we do not know how to prove stability by energy estimates. Instead, we will
use mode analysis.

For simplicity, we keep time continuous. In actual calculations we use the method of
lines. In [10] we have shown that the stability of the semi-discrete approximation implies
the stability of the totally discretized method for most standard methods of lines.

By stability we mean here that there are no exponentially growing solutions. Therefore,
a test for stability is that (9),(10) has no solutions of type

v(zy,t) = ep(z,),  |p(z,)| < const. (12)
for Re s > 0, satisfying the boundary condition (10). Introducing (12) into (9) gives us
Ws*p(xy) = WDy D_g(x,) = (2, + h) = 20(z,) + (= h). (13)

Since (13) is a difference equation with constant coefficients, its general solution is of the
form

QO(IIZ'V) = 0—1"{,{ + 02"{;5’ (14)
where k1, ko are solutions of the characteristic equation

(k —1)* = h?s°k = 0. (15)

We have ky = x;! and we simplify the notation by removing the index of the roots and
set K1 = K, kg = K L.

Lemma 1 For |hs| << 1, the roots of (15) are of the form

k=1-hs+ 2 L O(h3s?) = e hs(1+00252) )
K= 14 hs + 22 4 O(h3s3) = hs(1H002s),

Also, for Re s >0, (15) has no root with |k| =1 and exactly one root k with |k| < 1.

Proof. (16) follows by asymptotic expansion of the roots. (It is not surprising: The
corresponding solutions of (7) are e™**, ¢** and (9) is second order accurate.)
Assume that (15) has a solution

k| =1, ie., k=¢e7, 7real,
for some s with Re s > 0. Then (15) becomes
—4sin®(1/2) = h?s>.

Therefore, Re s = 0, which is a contradiction.



For hs — oo, s > 0 real, the solutions of (15) satisfy
lim k=0, lim & !=o0.
hs—o00 hs—o0

Since the roots are smooth functions of s and |k| # 1 for Re s > 0, we always have
|k| <1, |x7!| > 1. This proves the lemma.

The lemma shows that the solution can only stay bounded in space if o9 = 0, so
o(x,) =ok”, |kl <1. (17)
Introducing (17) into the boundary condition (10) gives us
(k=1)(1+alk—1)+6(k—1)%) =0. (18)

The cubic equation (18) has three roots k = k;, j = 1,2, 3, which lead to possible
solutions of (12). We obtain the corresponding s from the characteristic equation (15),
ie.,

—1)2
hs =y BTy, (19)
K
The first root, k1 = 1, does not generate a growing solution. In fact, any root with |x| = 1,
has this property, since inserting x = € into (19) yields

hs = £2isin g, ie,, Res=0. (20)

Roots with || > 1, are not permissible because ¢(x,) = okr” becomes unbounded as
v — oo and violates the boundary condition (10). However, solutions of the type, k =
e’ ¢ nreal, n > 0 correspond to

hRes==+(e""? —e"?)cos g,

which grows rapidly in time if & # 7© + 2nm, n = 0,1,2,.... These solutions decay
rapidly away from the boundary, and we therefore denote these solutions boundary layer
instabilities.

Often one tries to stabilize numerical methods by adding a dissipative term to the
difference equation. Instead of (9) we then consider

Vgt = D+D_U + O'hD+D_Ut.

For boundary layer instabilities, this does not work. If the boundary layer is oscillatory,
then one can stabilize the method but the amount of necessary dissipation is, in general,
too large for accuracy reasons. Therefore, the only useful boundary condition approxi-
mations are those where |ky| > 1, |k3| > 1. While this condition is violated for general
coefficients a, 3, it is easy to see that the third order approximation (11) satisfies the

requirement. That approximation has « = —3, 3 = %, and (18) has the solutions
7 9 Vv&8 9
I€1:1, Iigjgz—:l:i 33— — |Ii2’3’:—>—. (21)

4 16 4 4



3 The one-dimensional strip problem

We consider now the wave equation (7) for 0 < x <1, ¢ > 0. As boundary conditions we

- u.(0,t) =0, wu(l,t)=0. (22)

We approximate the continuous problem by

vy(zy,,t) = Dy D_v(x,,t), v=1,2,...,.N—1, Nh=1,

(23)
v(x,,0) = f(z),
with boundary conditions
Lpv =: Dyv(0,t) — $hD3v(0,t) + $h*D30(0,1) = 0, (24)

v(1,t) = 0.

For the analytic problem (7),(22) there is an energy estimate. Also, we can represent the
solution by an eigenfunction expansion

u(z,t) = Z Nt ().
§=0
The eigenvalues \; are purely imaginary and are solutions of the eigenvalue problem
N =1, 1,(0) = (1) = 0. (25)

Again we want to investigate whether (23),(24) has exponentially growing solutions. We
make the ansatz (12) and obtain

h252§0(xu> = hQDJrD*QO(xu)v
thp - 07 QO(l) = 07

(26)

and start our discussion with the case that |sh| << 1. The discretized eigenvalue problem
(26) is an approximation of the continuous problem (25) and since the difference stencil is
compact, solutions of (26) with |sh| << 1 are close to solutions of the continuous problem,
see Kreiss [11]. The question is whether the eigenvalues also are purely imaginary.

The general solution of (26) is

¢(r,) = o1k} + 09Ky, (27)
where k;, j = 1,2, are the solutions of the characteristic equation (15)

K> — (2+h?s*)k+1=0.



Therefore k1ky = 1, i.e., ko = k7' By (16) we can write
ky =€ kg =e M 5=:5(1+0(h%*s?)),
and ~ ~
o(x) =01 + 09, =2, v=0,1,2,..., N, Nh=1.

For smooth functions w(z),

Therefore, introducing (27) into the boundary conditions gives us

Here
:)/4:744_/74152]124‘..., ’3/5:*75+’751§2h2+...,

account for the higher order terms.
There is a nontrivial solution of (28),(29) if and only if

09 . 25 1 + ’75h4§4 —|— ’3/4h3.§3

01 N 1 + ’75h4§4 - ’3/4h3§3 '

™

If [sh| << 1, then the eigenvalues of (26) converge to the eigenvalues A\, = i(§ + nn) of
(25) where |h\,| << 1. Thus we make the ansatz

hs = hA, + iht = ihpi, + iht,  jin = g + o,

and obtain ) ,
ir _ 1% (£ 7)) — 3 ((pn + 7))

1+ 35 ((n + )R) " + s (1 + 7)B)°

Since 94,75 are real and bounded and p,, is real, an asymptotic expansion of |S| in h
yields

=: S. (30)

S| = 14 O(|7[*h?) = €.

Hence, 7 must be real-valued, that is, s must be purely imaginary. By the above expansion,
it follows that there is a unique solution close to A, with

it = i94(pnh)® + O((pah)*), 7 real.

Thus the eigenvalues of the discrete problem are purely imaginary, provided |sh| << 1.
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Now we consider the case that |sh| > ¢ > 0. The characteristic equation (15) implies
|6 — 1| = |sh|*|x] = 6°|~].

Hence, when |k| > 1/2, .
Ik —1]>6/V2=105>0.

Furthermore, when x| < 1/2, the triangle inequality gives |1 — k| > 1 — |x| > 1/2. Thus
k cannot be arbitrary close to 1 when [sh| > § > 0.
In the following, we use the representation

o(x,) =k + oo™, |K| > 1.
The discrete eigenvalue problem (26) has a nontrivial solution if and only if
o1Py(k— 1)+ 0Pk —=1) =0, ok +ox™ =0,

ie.,
KNPy(k7t = 1) =k N Py(k — 1) = 0. (31)

has a nontrivial solution. Here

1 1 3 9
Py(y) =y — §y2 + §y3 =yly—we)ly—ys). vz = +3- 5 (32)

Lemma 2 There is a constant C > 0 such that (31) has no solution for
|li| > 6Ch

Proof. Assume that |x| = e“". By (32), the zeros of P,(y) are y = 0 and y = y 3 with
Reyss = 3/4. For |k —1] > d and |x| > 1, k7! is inside the unit circle, but bounded away
from 1. Therefore, k~! — 1 is inside a unit circle centered at —1, but bounded away from
zero. There are no zeros of P, in this region and we have

min [P, (k7' =1)|>d>0.

K21, [A1[23
Since |x|N =%, and k3P, (k — 1) < const. for |k| > 1,

NPy (k — 1) = |5 V3| |83 Py(k — 1)| < const. e,
KNPy, (k71— 1) | > de®.

Hence, equation (31) has no solution if C' is sufficiently large and the lemma follows.
We can now prove

Theorem 1 For sufficiently small h, all eigenvalues s of (26) are purely imaginary and
the discrete problem (23),(24) is stable.
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Proof. We have already shown that all eigenvalues with |sh| < 1 are purely imaginary.
For |sh| > 0, the eigenvalue problem (26) has a solution if and only if (31) has a solution
with || > 1 and |k — 1] > 0. We can write (31) in the form

_ Py(r7' —1) 9N

Q) = —p gy =7 (33)

By noting that Py,(y) = P,(7) and that e’ — 1 = e~% — 1, it is easy to see that
Q™) =1, [(e*) ] =1
Now consider k = e+ (0 < n < C. Then,
QY| = 1+ O(h), bt |(¢€5) 2] = ¢ 39

For sufficiently small h, (33) can only have solutions for 7 = 0 since only the left hand
side of (34) scales with h. Lemma 2 tells us that (31) has no solution for || > " and
we conclude that all solutions of (31) must have |x| = 1. By solving the characteristic
equation (15) for s and setting s = €, we get (20) which shows that all eigenvalues are
purely imaginary.

Since we can represent the solution of the discrete problem (23),(24) in an eigenfunc-
tion expansion where all eigenvalues are purely imaginary, there can be no exponentially
growing solutions and we conclude that the discrete problem is stable.

4 A continuous two-dimensional model problem

We now start our discussion of two-dimensional problems. The results from the one-
dimensional model seems to indicate that we need only to avoid boundary instabilities.
However, there are also highly oscillatory instabilities which can be controlled by small
amounts of dissipation. As will be demonstrated in Section 5, our embedded boundary
approximation of the Neumann condition in general two-dimensional domains introduces
truncation errors in both the tangential and normal directions. To illustrate the type
of instabilities that the tangential terms can give, we study the solutions of the wave
equation with perturbed Neumann conditions. We start with the half-plane problem

Uy = Upg + Uyy, 0< 2 <00, —00<y<oo, t>0,
u(0,y,t) = euy(0,y,1),

(35)

where € is a real parameter. It turns out the size of € is of minor importance, and we
will for simplicity consider the case ¢ = 1. Corresponding to Section 2, the problem is
unstable if we can find exponentially growing solutions of type

u=eTYp(r), Res>0, |p(x)] < const., w real (36)
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Introducing (36) into (35) gives us the eigenvalue problem for s

Pz = (2 4+ w?)p,

(37)
©:(0) = iwp(0), |p(z)] < const.
Since (37) is a differential equation with constant coefficients, its general solution is
p(r) = 01N +o9e™ A =Vs2+w?, Rel>0. (38)

Clearly, Re A > 0 for Re s > 0. Therefore, |p(z)| < const. if and only if oy =0, i.e.,
o(x) = o9e™™*,  Re > 0. (39)
Introducing (39) into the boundary condition gives us
-\ = iw.

Since Re A > 0, there are no solutions of type (36). However, let s = ivV2w+mn, n>0.
Solving (38) for A gives

lim A = i|w].
n—0

Thus, for w < 0, there is a solution of type (36) but with Re s =0,
U = eV2wt—ilw|(z+y) (40)

There is no exponential growth in time and, for large w, the solutions are highly oscil-
latory in space. Furthermore, there is no decay in the a-direction. Hence, s = iv/2w
is a generalized eigenvalue (see [12] for a definition) which forecasts instabilities for the
corresponding problem on a bounded domain.

To demonstrate these instabilities, we next consider the strip problem,

Uy = Ugy +Uyy, 0< a2 <1, —0c0o<y<oo, t>0,
uz(0,9,t) = uy(0,9,t), uy(l,t) =0.

(41)

Again, we construct solutions of the type (36). Instead of (37), we obtain now the eigen-
value problem

Prz = (32 + CUZ)QO,
9096(0) = iw@(o)’ ‘;Oz(l) =0.

Introducing the general solution (38) into the boundary conditions shows that (42) has a
solution if

(42)

_ 2 43
Ntiw (43)
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Theorem 2 The strip problem (41) is unstable. For large |w| there are solutions of the
type (36) with
1 R
Re s ~ —log(2lw|), ie., ef€s)t = (2]u[)/V8, 44
< log(2le) (2l (44

Proof. Let
A=A +iN,

and assume that
Ai=—w,  Jw| > 1.
By (43),
A — 2i
Ar = = e
Take |w| large and argw such that the argument of the left and right hand side of (45)
match. The modulus matches if

e . (45)

>\% + 4w? AN

i.e., to the highest order in w,
Ar R

log(2|w]).
Thus,

s =+V—w? + A2~ 4/ —2w? — iw log(2|w|),
and (44) follows.

The above example shows that the stability of the left and right half-plane problems
is not enough to insure stability for the strip problem. The reason is that the generalized
eigenfunctions (40) do not decay in space but are reflected back and forth between the
boundaries at x = 0,1, respectively. Every time they hit the left boundary they are
amplified. These are highly oscillatory instabilities and we will see that they can easily
be controlled by small amounts of dissipation. This example also illustrates that non-
dissipative difference methods of our type are prone to weak instabilities, i.e., instabilities
that only grow algebraically in time (see (44)). Note that a weak instability also occurs if
the tangential derivative in (35) is replaced by a higher order, odd, tangential derivative.

To demonstrate a strong instability, we study the half-plane problem where the bound-
ary condition in (35) is replaced by

Uy = Py, =0, (46)

where 3 is a constant. As before, we look for solutions of the type (36) and using the
same arguments as above, we know the solution must have the form (39). Inserting this
ansatz into the boundary condition (46) gives

-\ = —Buw (47)



14

Since Re A > 0, there are no solutions with Re s > 0 when § < 0. Next we investigate
if there are any generalized eigenvalues. Setting s = i1 yields A = /=72 + w?, so —\ is
either real and negative, or purely imaginary. When [ < 0, the right hand side of (47) is
always real and positive, and we conclude that there are not any generalized eigenvalues
either. Hence, the case 3 < 0 is stable.

When 5 > 0 and w is large, (47) is solved by

s~ [w?,
and inserting (47) into (39) gives
u= 65“’%_5“’2‘”““’1’, w large, > 0.

Hence, these solutions have a thin boundary layer in space and grow exponentially in
time. This is a strong instability. As we shall see in Section 5, this type of instability can
only be controlled by dissipation when the coefficient ( is small. Perturbing the Neumann
condition by a higher order, even, tangential derivative results in the same behavior, i.e.,
the stability depends on the sign of the coefficient.

5 The discrete half-plane problem in two dimensions
We consider next the two-dimensional half-plane problem for
U = Ugy + Uy, 0< 2 <00, —00<y <00, t>0, (48)
with the boundary condition
u(0,y,t) =0, |u(z,y,t)] < const. , (49)

and approximate it by
Uit = <D+CE‘D—$ + D+yD—y)U’ (50)

with the third order accurate boundary condition (11)
Lyw(0,y,t) =0, |v(z,y,t)| < const. (51)
Here v is a discrete function varying on a grid
{z, =vh, y,=ph}, v=20,1,2,..., p=0=£1,£2,.....

We Fourier transform the difference equation with respect to y and obtain

@tt = (D+xD_x — % Sin2 (wh/2)) ’lAJ,

(52)
Lpo(0,w,t) =0, |o(z,w,t)] < const.
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Thus, we obtain a 1D problem for every fixed w and can apply mode analysis as before.
Then
o(z,,t) = ep(x,), Res >0,

is a solution of (52) if there are solutions ¢(z,) of the eigenvalue problem

4 .
<s2 + e 51n2(wh/2)) o =Dy.D_,p, (53)

Lrp =0, |p(z)| < const. , (54)

with Re s > 0. The eigenvalue problem (53),(54) is of the same type as for the one-
dimensional half-plane problem in section 2. In particular, the general solution has the
form (14) where k now is a solution of the two-dimensional characteristic equation

(k —1)* — (s*h* + 4sin*(wh/2)) k = 0. (55)

It is straight forward to show that this characteristic equation has the same essential
properties as in the one-dimensional case. To be precise, we have

Lemma 3 For |hs| << 1 and |hw| << 1, the roots of (55) are of the form

h2\?

k=1—h\+ + O(h*N?) = e—hk(lw(h?v))’

2y2

KT =14hA+ + O(RPA) = MAI+OM),

where A\ = /8?2 +w?, ReX > 0 for Re s > 0. Also, for each fized w and for Re s > 0,

(55) has no root with |k| =1 and exactly one root k with |k| < 1.

Proof. Follows by straight forward generalization of Lemma 1.

Since the boundary conditions are the same as in the one-dimensional case, we can use
the same arguments as in Section 2 to show that there are no solutions of (53),(54) for
Re s > 0, which implies that there are no exponentially growing solutions of (52). Note
that for the Neumann boundary condition approximation (51), the boundary normal is
aligned with the z-direction.

Our goal is to construct stable difference approximations for general domains. In this
case the boundary condition for the differential equation is

Ju/On =0, 0/0n : derivative normal to the boundary, (56)

and in general the normal is not aligned with the mesh. In the following, we will study the
continuous boundary conditions perturbed by the leading truncation error terms. In the
literature this technique is often used for the Cauchy or spatially periodic problems and the
truncation terms appear only in the differential equation. The obtained equation is often
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called the “modified equation”, see for example [13] or [14]. Here we use the technique
to analyze the influence of truncation errors in the boundary conditions. The modified
equation is a more accurate description of the discretized problem than the continuous
problem. Or rephrased, the numerical solution approximates the modified equation to a
higher order of accuracy than the continuous problem. However, the modified equation
can only model low and intermediate frequencies in the discrete solution, and we rely on
the dissipation to control the highest frequencies.

In Section 4 we have discussed half-plane and strip problems. The reason is this: For
analytic initial boundary value problems where there are no direct energy estimates, the
study of wellposedness can be reduced to the study of half-plane and strip problems. This
is done in the following way. In the neighborhood of every boundary point P with tangent
T, we use a locally smooth map to transform the curved boundary locally onto 7,. Then
we study the half-plane problem with T;, as the boundary. After freezing the variable
coefficients we can solve the problem by Fourier-Laplace transform. If for all these half-
plane problems there are no eigenvalues or generalized eigenvalues s with Re s > 0, then
the original problem is well posed, see Kreiss and Lorenz [15].

We shall now apply this technique to analyze the stability of the discrete problem.
Let the angle 6 between the outward normal and the x-axis be defined as in Figure 1. We
consider the differential equation on the half-plane n - x <0, i.e.,

xcosf + ysind > 0. (57)

To be able to calculate the truncation error of the discrete boundary condition we assume
that the solution u of the differential equation is smooth and decays rapidly to zero for
2?2 + y? — oo, in the half-plane (57). Also, we extend it smoothly beyond the boundary
such that the extended u decays rapidly to zero for 22 4+ y? — oo in the whole plane.

The truncation error in the third order Neumann boundary condition satisfies (r/4 <
0 <7/2)

°u

o'u
85(

84<

ou

s 4
an< ;) +Cih

D¥u(x;,y;) = i)+ Coh® — () ;) + h*Ry + h’ Ry + O(R°).

Here,
Z C’l,, 13:/7 y]+l/ : Z 02,, x,,, yy+u)

The terms in Ry, Ry originate from interpolation errors in vy, vrr, and vy, respectively.
Derivatives with respect to = and y can be related to normal (0/0n) and tangential
(0/00) derivatives. We have

0 .0 0 0 0 0
Fr —smG% —COSQ%, 8_y = 0050% —sme%
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We can also use Taylor expansions to express derivatives at (Z,,y;+,) in terms of deriva-
tives at the boundary point xF After some calculations we obtain

ou o*u o%u

Here R is an operator of the form
+q_ Y
R - Z ﬁpq a/n/pao'q
p+q=>3
We can write the half-plane problem for the differential equation in the form

Pu  Pu  J*u

8t2:8n2+3027 n>0 —oo <o <o,
0
G_ZZO’ for n = 0.

After Fourier transforming with respect to o and Laplace transforming with respect to ¢
we obtain

Thus,
. ) ou .
U=e VT (s, w), — = —Vs2+wi
n

and the Fourier-Laplace transform of 0/0n is —v/s? + w?. After freezing the coefficients,
we Fourier-Laplace transform the truncation error and obtain

DB = —(14+ R)Vs? +w? — (if1h'w° + Boh’w?) + O ((Jw| + |s])°r°).

Here,

R= 3" B (= 05)? + (h)?)" (ih)? = O((Ihs]| + [h])?).

p+q=3
For |hs| + |hw| sufficiently small, || R < 1/2, and we can write
iB31h*w + 52h3w4> N
1+ R
— (1+R) (—\/52 T2 — (iBhiS + @h%ﬁ)) + 0O ((Jw] + |s)°h%) .

A

D® = (1_,_]%) (_ 2+ w2 —

O ((Jw] +1s)"r?)

By neglecting the O(h®) term and transforming back to physical space, the boundary
condition D{Pu = 0 corresponds to

ou Pu 8>

(1+R) (8_ - ﬁ1h4— — Bah®
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By assumption, || R|| is small and the boundary condition can only be satisfied if the term
following (1+ R) is zero. After changing spatial variables, n — = and 0 — y, we arrive at
the modified equation model corresponding to the discrete half-plane problem (50)-(51)
in domains where the normal is not aligned with the mesh:

U = Ugg + Uyy — WP Ugyyyy, @ >0, >0, —o0<y< oo, (58)
Uy = Brh Uy + Bah®tyyyy, =0, |u| < const. (59)

We have added a dissipation term to the differential equation because we shall need it
later. Note that we have only added dissipation in the tangential direction, to avoid
having to add any extra boundary conditions.

After Fourier transforming in y and Laplace transforming in ¢ we obtain

Uiy = (82 + W+ sati, a=ah’w?, Res>0, (60)
with boundary conditions

i,(0) = bi(0), @] < const., b=iBw’h* + Fow*h®. (61)

As |w| becomes larger, the Fourier symbol of the second divided difference, —% sin? ( %),
deviates more and more from the Fourier symbol of a second derivative, —w?. In partic-
ular, for the highest frequency on the mesh (wh = =), the symbol of the second divided
difference is —4/h?, while the symbol of the second derivative is —7?/h?. Hence, the
highest frequencies on the mesh are not accurately modeled by the modified equation.
We therefore restrict the following analysis to |wh| < 1.

The general solution of (60) is given by
U = 01 + o9, (62)

where \ now satisfies

A=Vs2+w?+sa, Rel>0. (63)
Since Re A > 0 for Re s > 0, the boundary conditions are satisfied if and only if
01 =0, \=—b=—(ifw’h? + Bouw'h®). (64)
There are two possibilities:

1. If By > 0, then there are no solutions of (64) with Re s > 0 since Re A > 0, but
Re (—=b) < 0. Furthermore, when the dissipation coefficient a > 0, Re A > 0 also for
Res = 0, w # 0. Hence, there are no generalized eigenvalues when o > 0 and we
conclude that the half-plane problem is stable.

2. If B < 0, then the problem can be unstable. We want to show that if |3;| and |35
are small, the problem can be stabilized by a small o > 0.
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Theorem 3 If 55 < 0, |5 < 1,|01| < 1 and a > K|B15s|, K = const., the modi-
fied half-plane problem (58)-(59) is stable, i.e., the eigenvalue problem (60)-(61) has no
solutions with Res > 0 and no generalized eigenvalues Res =0 for w # 0.

Proof. Introducing (64) into (63) gives
s+ sa+w? — b =0.

Since |wh| < 1, |a| < |al|w|. If we assume 0 < a < 1, we have |a| < |w| and w? — a?/4 >

3w?/4. Therefore,
a a? b2
S - T DY . S—
s 5 z\/<w 4)\/ pER——yy (65)

By assumption |?| < w?. We can therefore expand the square root and conclude that

Hence,

Re s ~ —%h?’w‘L LB sy Ak

<0
2y/w? —a?/4 2 w? —a%/4

for oo > 4[5 52|/V/3.

We have numerically computed the truncation error coefficients 3; and fy for our
boundary condition approximation. To conserve space, we will only report the result
of these computations here. For all possible directions of the boundary normal and all
permissible distances between the ghost point and the boundary, we found that —0.065 <
B2 < 0.015 and —0.063 < (7 < 0.063. It is critical that |fs| is small since the case
Ba < 0,]02] = O(1) can not be stabilized by adding a dissipative term to the differential
equation. In earlier versions of our numerical code we added a tangential smoothing
operator to the boundary condition approximation. In terms of the modified problem
this means that 5 > 0. The dissipation operator proposed in Section 1 seems to be so
efficient that this extra smoothing operator is not needed.

6 The two-dimensional strip problem

We here generalize the modified equation approach to study the stability of solutions on
a bounded domain,

Uy = Ugy + Uy — PP Upyyyy, >0, 0<2<1, —0c0<y< oo, (66)
Uy, = Bih gy, + Bahuyyyy, =0, u, =0, =1 (67)
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Remark: In reality the boundary condition at x = 1 also contains truncation order
terms, but the results are the same.
After Fourier and Laplace transforming the problem, (66)-(67) becomes

2 lige — (W4 as)i, a=ah’w?, (68)
b

1(0), 1,(1) =0, b=1iBw’h*+ Bw'h®. (69)

The general solution of (68) now has the form

S —_=
U,(0) =

0= 01N 4 oge™ M (70)

where A is the solution of (63), i.e., ReA > 0 for Re s > 0. Introducing (70) into (69)
shows that there is a nontrivial solution if and only if
A—1b N
P
We have already studied the corresponding half-plane problem and shown that for 35 > 0,
there are no eigenvalues s, with Res > 0 and that there are no generalized eigenvalues
when a > 0. For 35 < 0, Theorem 3 shows when the half-plane problem is stable. Hence,
it can be expected that the strip problem also is stable. In Appendix B, we perform a
detailed calculation to verify the stability of the strip problem. From this calculation, we
can also read off the order of magnitude of the dissipation coefficient o that is necessary
for stability. The results are summarized in

Theorem 4 If the half-plane problem (58) - (59) is stable, the modified strip problem
(66) - (67) is stable for a > 0, a = O(h3/4).

(71)

7 General two-dimensional domains

In this section, we will add some details to our proposed scheme that were left out from
the general description in Section 1.

7.1 Near boundary behavior of the discretized Laplacian

The discretized Neumann boundary condition (3) can be used to eliminate all ghost point
values in the discretized Laplacian (2). Referring to the case shown in Figure 1, we get
at the point (7,7 + 1),

1
ﬁ n n n n :] n
U1 = (Ui+1,j+1 Ui—1,j+1 T Vi j42 Uz‘,j+1)
J h2

gr n n n
h2g0 (Coviljpr + 1041 j1 + Vg ji1)—

I
grr n n n f(mi,j7 tn)
g0 (€307 40 + CaVyy jio + VN0 jp0) + —5—
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N €]l | [P°ATull h

171 | 3.43 x 107* | 4.36 x 1072 | 2.82 x 1072
341 [ 921 x 107° | 2.20 x 1072 | 1.41 x 1072
681 | 2.40 x 107° | 1.20 x 1072 | 7.06 x 1073

Table 1: Smoothing properties of the operator A investigated by solving Ae! = h3ATw for different grid
sizes for the case shown in Figure 2. Clearly, e/ = O(h?) while h3ATu = O(h).

assuming that (4,7) is the only nearest neighbor of (i, + 1) that is outside of Q. If
additional points are outside, other formulas of the type (3) would be used to eliminate
those points as well. The coefficients go, g7, g1 are given by (4). Since 0 < & < &7 and
h <& < \/ﬁh, the denominator gy satisfies

1
< <
2\/§h_2£[_’g0

Because the coefficient gy in (72) is bounded away from zero, we conclude that this
discretization of the Laplacian does not suffer from “small cell” stiffness problem.

3

<2<l
2%, = 2h

7.2 Accuracy of the damped scheme

For simplicity, let the grid function v satisfy the semi-discrete problem, where time is left
continuous,
Uy = Av +b+ F — OéhSAT (A’Ut + bt) ,

Let the error in the discrete solution be e = u—w, where u is the solution of the continuous
problem (1) evaluated on the grid. We have

€y = Au—Av —b + Oéh3AT (A('Ut + U — Ut) + bt) .
= Au— Au— b+ Ae — ah®A" Ae, + ah*A” (Au, +b,) .

We split the error according to e = e! + e!! and let e satisfy
Ae' = —ah3AT (Auy + by) . (73)

Now, Au; + b; is a second order accurate approximation of Awu; evaluated on the grid.
Furthermore, away from the boundary, A7 A, is a second order approximation of A2u,,
but near the boundary AT Awu; = O(Au;/h?). Hence the right hand side of (73) is O(h)
near the boundary but O(h?3) in the interior. Due to the smoothing properties of the
elliptic operator A (see figure 2 and table 1 for a numerical example), we gain one order
of magnitude when solving for ef, resulting in

e! = O(h?).
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Figure 2: Numerical test of the smoothing properties of Ae! = h3ATwu. The left figure shows a contour
plot of the right hand side A3 ATw and the right figure shows the solution e/ for N = 171, see Table 1 for
quantitative information. In this case, the computational domain was a circle with unit radius and the
test function was u; ; = cos(x;) sin(y;). The problem was solved using the conjugated gradient algorithm.

Since the right hand side of (73) is smooth in time, we also have e}, = O(h?) and Ae! =
O(h). The equation for e’! is

ell = Ae!! — anAT Ael! — el, — an® AT Ael + Au — (Au + b).

Because Au + b is a second order accurate approximation of Au and h3AT Ael = O(h?),
all forcing terms are of the order O(h?). Hence

el = O1?)

which shows that the damped scheme is second order accurate.

7.3 Fourth order corrections

To reduce the phase-error away from the boundary, we can optionally add a fourth order
correction term

2
Apavp; = —% (DiDiViJDiD{ + DiDZ’_'%,jDﬁD?i) (O
to our second order accurate approximation of the Laplacian. Clearly, this stencil is too
wide to be evaluated all the way up to the boundary, so the grid function ~;; must be
identically zero in a band near the boundary. Away from the boundary we want v, ; = 1
to make the correction term cancel the second order truncation error in Ajv; ;. To aid
in the construction of 7, ;, we initially compute a smoothed distance function d;; > 0
using the technique described in [16]. The value of the distance function at a grid point
approximately equals the distance between that grid point and the nearest boundary.
Hence, the distance function is zero on the boundary and increases monotonically away
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from the boundary, making it straight forward to construct a smooth «; ; that is zero near
the boundary (d;; < €;) and one away from the boundary (d;; > €;). In all numerical
examples presented below, we used €; = 3h and e; = 13h. The resulting scheme can be
written in semi-discrete form as

db
vy = Av+ Bv+ F +b—ah’AT <Avt + %(tn)) , (74)

where B represent the fourth order correction term. The symmetry of B and the smooth-
ness of the distance function of v; ; seems to give stability. A heuristic argument for this
is that B can not generate any boundary layer instability, since this type of instability
decays rapidly away from the boundary and in this region Ay 4v}'; is arbitrary small. And
the other type of instability discussed above, highly oscillatory in the whole domain, is ef-
fectively stabilized by our damping term. The smoothness of the distance function imply
that no new spurious solutions are generated. The smoothness furthermore guarantees
accuracy of order two in the transition region. Hence, the resulting scheme will only be
second order accurate. The main benefit of the fourth order spatial correction will be a
reduced phase error away from the boundary. For this reason we will call the resulting
scheme the “internally fourth order” method.

We can also improve the basic second order time-integration method by using a fourth
order accurate Taylor series method. Consider the second order system of ODE’s

wtt:Cw—{—F,

where C' is a symmetric negative semi-definite matrix. A fourth order time-discretization
is given by
wn+1 — 2w" + wn—l k,2

e = Cw" + F" + 2 (C(Cw" + F") + FY), (75)

and it is stable for
max(—\;)k? < 12,
j
where \; are the real-valued non-positive eigenvalues of C. The scheme (75) can be
formulated in predictor-corrector form,

W' = 2w" —w" + B2Cw" + K*F" (76)
k}2
w™! — @t 4 = (C(@™" = 2w" + w" ") + K2 F}) . (77)

Hence, the predictor step (76) is simply the second order time-integration scheme pre-
sented above. The discrete damping term is added to the predictor-corrector scheme in
the same way as in (6). For the spatially fourth order method, we take C' = A + B, oth-
erwise C' = A. We note that the corrector step (77) needs only a second order accurate
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approximation of wy. Hence, from an accuracy standpoint we can omit the damping
term and always take C' = A in this step. Numerical experiments, see Section 8, indicate
that the resulting scheme is stable.

We start the time-integration at n = 0. For the fourth order time-discretization, we
take vg ; = uo(w,y;) and need to use a fifth order accurate approximation of u(x;, y;, —k)
for v;_ jl. This is achieved by using the differential equation to approximate higher order
time derivatives,

2

) K2, %
Uijjl = uo(xi,yj) — kul(xi,yj) -+ ? <D+D7 -+ DjiD‘qi) Uo(lCi, yj) -+ ?F(.’Bi’j, 0)
3 3

01D+ LDy (e) ~ SR, 0
k2h2 x x\2 Yy Y2
T Toa ((D+D7) - (D+D—) )Uo(ivi,yj)
E* k*
+ ﬁ(Din + DYDY )2ug (i, y;) + ﬂFtt(wi,P 0). (78)

Note that the last three lines can be omitted for the second order time-discretization.

8 Numerical examples

In this section we numerically solve (1) with the schemes described above. For the cases
where an analytical solution is known, we use this solution to initialize the computation
at time levels ¢ = —k and ¢t = 0. For the cases where an analytical solution is not known
we use the initialization (78).

We will denote the CFL-number by CFL= k/h. Note that for a two-dimensional
periodic domain, our second order time-integration scheme (6) is stable for CFL <
1/v/2 =~ 0.71 while the fourth order predictor-corrector scheme (76),(77) is stable for
CFL < /3/2 ~ 1.22. Also note that all errors are measured in max-norm.

In all examples presented below, the fourth order predictor-corrector time-integrator
(76),(77) is used together with the internally fourth order spatial correction. The second
order scheme (6) is always used together with the second order spatial discretization.
Unless otherwise noted, the Neumann boundary condition is discretized using the third
order accurate formula to reduce the constant in the second order truncation error, as
was mentioned in the introduction.

To evaluate the accuracy of the method, the forcing functions is chosen such that the
exact solution is the trigonometric traveling wave:

u(x,y,t) = sin(w(x — t))sin(wy), w = 4. (79)

The domain 2 is taken to be an ellipse centered at the origin with semi-axes x, = 1 and
ys = 0.75. The Cartesian grid covers the rectangle —1.1 < x < 1.1, —0.85 < y < 0.85.
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2'nd order scheme Predictor-corrector scheme

t a N =101 N =201 ratio| N =101 N =201 ratio
201 0.0 8.75e-02 2.10e-02 4.17 | 10.7e-02 2.17e-02 4.93
2.0 10.001 | 8.77e-02 2.10e-02 4.18 | 10.7e-02 2.17e-02 4.93

Table 2: Grid refinement study showing the errors in the computed solutions when the exact solution
is the trigonometric function (79). Here, CFL=0.5 for the second order scheme and CFL=1.0 for the
internally fourth order predictor-corrector scheme. The grid size N = 101 corresponds to h = 2.4 x 10?2
and N = 201 corresponds to h = 1.2 x 10~2. The first line corresponds to the undamped case, o = 0 and
the second line shows the damped case with o = 0.001.

In Table 2, we present a grid refinement study for the second order scheme (6) and the
internally fourth order predictor-corrector scheme (76),(77). The fourth order correction
only applies in the interior of the domain, and the second order errors near the boundary
clearly dominates the total error. Hence, in this case, there is no apparent benefit of using
the internally fourth order method. The time step can be taken twice as large, but this
gain is balanced by having to evaluate the Laplacian twice instead of once per time step.
Also note that the influence of the damping term is so small that it only changes the last
digit in the error in one of these runs.

To more clearly illustrate the benefits of using a fourth order correction away from
the boundary, we select the forcing function F' and boundary data f such that the exact
solution is a spatially localized, outwardly traveling wave,

W,y t) = o2+ 3P — 1), ¢(g):1<1+tanh5_§°) (1—tanh£_§1). (80)

2 € €

Note that such waves are exact solutions to the unforced wave equation in one and three
space dimensions, but not in the two-dimensional case. The domain € is taken to be the
circle, |r| < 1.5, and the Cartesian grid covers the square —1.6 < x < 1.6, —=1.6 <y < 1.6.
The parameters in ¢ are taken to be

& =03, & =05 €=0.07.

The wave reaches the boundary at ¢ ~ 0.8. In Table 3 we see that for the internally fourth
order method, the error is at least one order of magnitude smaller and the convergence
rate is much higher before the wave hits the boundary. No such distinction can be made
for the second order method, where the errors grow more gradually in time. Furthermore,
the errors in the internally fourth order method are substantially smaller than those of
the second order method, especially before the wave hits the boundary.

We proceed by investigating the long time stability properties of the method. We take
the domain to be the same ellipse used above, and take the forcing functions such that
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2'nd order scheme Predictor-corrector scheme

t N =201 N =401 ratio| N =201 N =401 ratio

0.5 | 3.29e-2  8.63e-3 3.8 1.23e-3  8.78e-5  14.0
0.75 | 4.59e-2 1.23e-2 3.7 | 1.73e-3  1.26e-4 13.7
1.0 | 1.05e-1  3.12e-2 3.4 | 2.71e-2  3.23e-3 8.4
1.25 | 5.89e-2 1.73e-2 34 1.76e-2  2.53e-3 6.9

Table 3: Grid refinement study showing the errors in the computed solutions when the exact solution is
the outwardly traveling wave function (80). Here, CFL=0.5 for the second order scheme and CFL=1.0
for the predictor-corrector scheme. The grid size N = 201 corresponds to h = 1.8 x 1072 and N = 401
corresponds to h = 9.0 x 1073, In all cases, the damping coefficient was o = 1073.

. : : : . . .
&& O alpha=0, N=201 O alpha=0, N=201
¢ alpha=1.5e-3, N=201 < ¢ alpha=5.0e-4, N=201
) & + alpha=2.0e-3, N=201 o + alpha=1.5e-3, N=201
& * _alpha=2.0e-3, N=401 o] o % alpha=15e-3, N=401
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Figure 3: The max norm of the error in the solution as function of time. The second order scheme (6)
was run at CFL=0.5 (left), and the predictor-corrector method (76),(77) was run at CFL=1.0 (right).
Note that to stabilize the solution, the damping coefficient had to be slightly larger for the second order
scheme (2 x 1073) than the predictor-corrector method (1.5 x 1073).

the exact solution is the trigonometric traveling wave (79). In Figure 3, we show the error
in the solution as function of time, for different values of o and for different grid sizes.
We conclude that it is sufficient to take o = 2 x 1073 for both the second order and the
predictor-corrector scheme. Note that these computations integrated the solution for long
times. In particular, the second order scheme on the finer grid (N = 401) required 66,666
time steps to reach t = 200. Also note that there is no long-time increase in the error,
which indicates that the damping is very mild.
We next study the homogeneous problem

F(x,t) =0, f(x,t) =0,

in a domain bounded by an ellipse centered at the origin, with semi-axes x; = 2.0 and
ys = 2.54. The Cartesian grid covers the square —2.1 < x < 2.1, —2.64 < y < 2.64. We



27

take initial data to be

uo(,y) = o(Va? + (y — yr)?),
where ¢(€) is given by (80). The upper focal point is located at yp = /y2 — 22 ~ 1.56

and
\/xQ y ?JF )

The parameters in ¢(§) are
§=02, & =04, €=0.035

Note that the initial data is chosen such that the wave is essentially traveling radially
outwardly from the focal point (0,yr). By making a ray-tracing argument, we see that
a high frequency wave should reflect the boundary and re-focus at the other focal point
(0, —yp). This was verified for the Dirichlet problem in [2] (Figure 6). For the Neumann
boundary condition, we should get a similar behavior, except that the solution should
have the opposite phase compared to the Dirichlet case. This is confirmed in Figure
4, where we show a well-resolved calculation using the predictor-corrector scheme with
N =801 and CFL=1.0. It is interesting to use this calculation as a yard-stick to compare
the quality of the solutions from both schemes at a lower resolution, N = 401, see Figure 5
and 6. Observe the more pronounced over and undershoots for the second order method in
comparison to the predictor-corrector method, indicating that the phase-error dominates
at the time of comparison. In all these calculations, the damping coefficient was a = 0.001.

While all theory and all numerical experiments up to this point have been presented for
the third order accurate discretization of the boundary conditions, our practical experience
with the second order boundary condition stencil is at least as good. The advantage of
the second order stencil is that it uses fewer internal points, which becomes important
for thin or marginally resolved geometries. However, near true corners, the second order
boundary condition needs to be modified to avoid using grid points where the solution
is undefined, see Figure 7. To avoid this problem, all grid points are first scanned in a
preprocessing step to detect interior points within v/2h of corners. All such points that
also have at least two exterior nearest neighbors, get marked with a ’-1’. The boundary
condition stencil at ghost points neighboring a -1’ point is then modified to be a divided
difference between the ghost point and the -1" point, i.e., the direction of the normal is
locally changed to be either vertical or horizontal. As a consequence, no undefined points
are involved in the boundary stencil near the corner and the resulting contribution to the
discretized Laplace operator (the matrix A) will be locally symmetric.

While the modified boundary condition approximation will be at most first order
accurate near each corner, it is not clear what impact that truncation error has on the
accuracy of the solution. We are also interested in the long-time stability of the resulting
scheme. To investigate these issues, we take the domain to be a square with side length
2, rotated 10 degrees relative to the grid directions. In rotated coordinates & = x cos(6) +
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Figure 4: Contours of the bouncing wave solution to the Neumann problem. Here a reference solution
is produced with the predictor-corrector scheme, CFL=1.0, N = 801, ¢ = 3.12(left) and ¢ = 4.41(right).
The dashed line is the boundary and the contour spacing is 0.2.

Figure 5: Contours of the bouncing wave solution to the Neumann problem. The second order scheme
is used with CFL= 0.5(left) and the predictor-corrector scheme is used with CFL= 1.0(right). Here
N =401, t = 4.41, and the contour spacing is 0.2.
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Figure 6: Comparison of the bouncing wave solution for the Neumann problem at ¢ = 4.41 along the line
x = 0 centered around y = —2.0(left) and y = —1.2(right). The reference solution is for N = 801(solid),
the second order scheme is for N = 401, CFL=0.5("+’) and the predictor-corrector scheme is for N = 401,
CFL=1.0("0").

Figure 7: The standard second order boundary condition stencil (outlined with a dash-dotted line) for
the ghost point at "X’ involves the point ’O’, where the solution is undefined due to the corner. In this
case, the boundary stencil at "X’ is reduced to a divided difference between the solution at -1’ and "X’.

0.2

Figure 8: The max norm of the error for a rotated square domain, as function of time. The **’ correspond
to the grid size h = 1.417x 1072, and '+’ represent the grid size h = 7.087 x 10~3. The damping coefficient
was a = 2 x 1073,
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Figure 9: The geometry for the harbor model (left). The computational grid covered —1.05 < z < 1.05,
—0.55 < y < 0.55 and had 801 x 401 grid points corresponding to the grid size h = 2.6 x 1073. The
forcing is located at the 'x’ and the signal is recorded at the ’+’. The right figure shows the lowest modes
in the discrete Fourier transform of the recorded signal, as function of the frequency. The spikes indicate
eigenfrequencies.

ysin(f), § = —xsin(f) + ycos(h), # = 10m/180, an exact solution of the homogeneous
wave equation can be constructed using Fourier expansion. Here we take

g J 1
U(i‘,g,t) = sin <E) sin <37TTy> COS(CUt)a W = 77\/_07

2 2

which satisfies homogeneous Neumann conditions along # = +1 and § = +1, respectively.
The errors in the computed solutions on two grid sizes are reported in Figure 8, indicating
that the solution is almost second order accurate despite the corners. However, for reasons
not currently understood, the errors accumulate and seem to grow linearly in time.

In our last numerical example, we use the numerical method to compute the eigen-
frequencies and eigenmodes of the domain shown i Figure 9. Since the wave equation
models the propagation of small amplitude water waves, we may think of this geometry
as representing a simple harbor. Even though the grid is rather fine, the wide stencil used
by the third order boundary condition couples the solution at some ghost points near
the ends of the convex fingers protruding into the domain. By coupling we mean that at
least one of the interior points in one boundary condition stencil is also a ghost point.
Satisfying the boundary conditions at all ghost points would then require an iteration over
the ghost point values. To avoid this iterative procedure, we will instead use the second
order boundary condition, which uses fewer interior points in its stencil. For this case,
the solution does not get coupled at any ghost points. To estimate the eigenfrequencies,
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we apply a forcing to two consecutive points in space,

Ke—(t—t0)2/5%7 Z — [17j = J17
Faig, gy t) = —Ke COYE =1 41,5 =y,

0, otherwise.

Here K = 10°, ¢; = 0.07, to = 1.0. We choose this forcing since it is likely to have a
component along each eigenmode, except the constant mode corresponding to the zero
eigenvalue, which is present due to the Neumann boundary condition. We start the
computation from rest and integrate up to time 7' = 200. During the computation, the
solution is recorded at another point (1., J,). This signal is then Fourier transformed in
time, after which the eigenfrequencies of the domain appear as spikes in the spectrum, see
Figure 9. Note that the frequency resolution is limited by 27 /7', so a longer computation
leads to a more accurate estimate of the eigenfrequencies. Also note that the eigenvalues

of

Au = Au, in Q,
ou
— =0, onl,
on t

are related to the eigenfrequencies w through A = —w?.

To compute the corresponding eigenmode, we perform a second computation, where
the forcing is taken to be

F(z,y,t) = sin(w,t)y'(z — 20)y(y), () =e &/, 10 = =06, e, =0.2.

The frequency of the time-harmonic forcing is chosen to obtain resonance. In this com-
putation, we take w, = 0.90, which is the approximate location of the first spike in the
spectrum, see Figure 9. Due to resonance, the solution will be more and more dominated
by the corresponding eigenmode as time increases, assuming that the forcing is not or-
thogonal to that mode. The resulting eigenmode is shown in Figure 10 together with the
time-history of the solution in one point, which demonstrates the expected linear growth
in amplitude.

9 Conclusions

We have presented stability theory and numerical examples for a Cartesian embedded
boundary scheme that directly discretizes the second order wave equation subject to
Neumann boundary conditions, without rewriting the problem as a system of first order
equations. Since the discrete approximation of the Laplacian subject to the Neumann
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Figure 10: A contour plot of the solution at t = 62.4 approximating the eigenmode corresponding to the
eigenfrequency w, = 0.90 (left). Here, the contour levels are equally spaced between —0.8 and 0.8. The
right figure shows the time-history of the solution at the point (z,y) = (—0.6526, —0.1976). Because of
resonance, the amplitude grows linearly in time.

boundary condition leads to a matrix A that is not symmetric, the stability theory de-
veloped in [2] does not directly apply. Indeed, numerical experiments in two-dimensional
domains indicate that the basic un-damped scheme is unstable. In the one-dimensional
case, we prove that the semi-discrete scheme is stable, thus indicating that the instability
is due to two-dimensional effects. In two dimensions, tangential derivatives are present in
the truncation error of the boundary condition, when the boundary is not aligned with
the mesh. A two-dimensional stability theory is presented that first is used to show the
de-stabilizing effect of perturbing a Neumann boundary condition by tangential deriva-
tives. The stability theory also predicts that a small fourth order dissipative term h3A2u,
can control the de-stabilizing effects of high order tangential derivatives. The discrete
stabilization term h3AT A(u" — u™~1)/k is proposed for the practical computation. This
term can be evaluated all the way up to the boundary so no extra numerical boundary
conditions are necessary. After discretization in space, the system of second order ordi-
nary differential equations is integrated in time using a second or fourth order explicit
method. Improved spatial accuracy can be achieved away from the boundary by adding a
fourth order spatial correction term. Our numerical examples indicate that the resulting
scheme is second order accurate measured in max norm and that the time step can be
chosen independently of small grid cells near the boundary. Numerical experiments also
show that the amount of dissipation needed to stabilize the scheme is very small and, for
smooth boundaries, long-time computations do not show any accumulation of the error.
A simple modification of the scheme in the vicinity of corners is proposed, but more work
is needed to fully understand its implications.

Work is underway to generalize the proposed method to Maxwell’s equations written
as a system of second order wave equations, which requires more complicated boundary
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conditions to be satisfied. Further work is also planned to extend the method to three
space dimensions.

A Computing ATu

Using standard notation for an N x N matrix A and vectors w and v, the most straight
forward way of computing v = AT might be

N
V; = E AjJ'Uj.
j=1

However, when the matrix is sparse, it is inefficient to store all matrix elements explicitly.
If we let a! denote the i’'th row of A, we can write A in row form:

T
a;

T
a;

./4.: . s AT:<CL1,CLQ,...,G,N>, (81)

T
ay

and v = ATu = Zjvzl a;ju;. Hence, another way of computing A”w is by accumulating
the contributions from each column of A”' i.e., each row of A,

1. v=0.
2. for j=1,2,...,N do v += aju,.

Here the operator += means evaluate right hand side and add the result to the left hand
side (as it is defined in the “C” programming language).

Next consider the particular form of the matrix A = A that arises in our embedded
boundary discretization. Away from the boundary, A is defined by (2). Near the bound-
ary, outside points in the stencil get eliminated using the discretized Neumann boundary
condition, resulting in a stencil of the type (72). In general, each row of A will only have
a few non-zero entries. To simplify the notation, we define u(k,l) =: uy,;. Each row of
the matrix can then be written in sparse form as

NZ;

k) k)
= 2 oy ullhy A5, (52)

where NZ, ; is the number of non-zero entries for the row corresponding to grid point
(i,7), and (I; ®) g® ) is the grid point index of the &’th contribution to Aw in that row.

1,7 7 Y4,g
Equation (82) represents the matrix A in a sparse row form corresponding to (81). The

operation v = ATwu can therefore be computed using the above accumulation algorithm,
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1. v=0,

2. for all grid points (4, j) inside €2 do
fork=1,2,...,NZ;; do

(k) q(k k) (o -
v<]i,j 7Ji,j)) += az(,j u(i, j).

We note that it is only necessary to form the sparse representation of A at interior points
where some neighbors are outside 2. If all neighbors of (7, j) are interior, the “for £”-loop
in the second step in the accumulation algorithm can be replaced by

) ) u(z, J ) . u(z, g o du(i, g
U(Z+17]> += (h2 )7 U(Z_17.7)+: (h2 >7 U(l,])+: - 22 )7
o u(z, J o u(t, J
v(t,j—1) += (h2 ), v(i,j+ 1)+ = (hQ )

B Proof of Theorem 4

The proof is divided into three cases: |A| > |b], |\| < 1, and || < C|b|.

Case 1, |\| > |b]: We have (A—b)/(A+0b) ~ 1. To make the modulus of the right hand
side of (71) be close to one,

A= Nir+ X, |\ <<1, N >1 integer.

(Note that N =0, i.e., [\| < 1 is treated in Case 2 below.) To first approximation in A,

w =1+ 2\,
AN+iNT+b
Therefore, ) ) 3 3 )
A+ iNT—b=\A+iNm+b+ 2\ +2iN7\ + 2b\
or

A+ (iNT+b)A+b=0.

Since [\ > |b|, || < N7 and we can expand the roots of \ in the small parameter
e=0b/Nm, || < 1,

_ T
A 2 '3 N7

iNT 4+ b iNT+b b 9
= — 5 :]:( 5 +m+@(€)).

~ _iN7r—|—b Nr 4b (1 1+ b
2 Nm  4Nm7
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Only the plus sign gives \/N\| < 1, and we have

< b
A=1N A~1N —
iINT + 1 7T+N7T

By solving the characteristic equation (63) for s and inserting the above expression for A,

a a? b?
S N ) S
s 5 \/4 w 7r REE (83)
We assume that
0<ac<l. (84)
Since |wh| < 1, we have that
la] < |wl, (85)

so N?7? + w? — a?/4 is real and positive. Because |b|/N7 < 1, we can expand the roots

of (83),
_ 4 2,2 2_&_2 20 ’
S 2ﬂ:2\/(N7T +w A 1+N2,ﬂ_2_{_w2_a2/4 1+2N27T2

2 b
S (N27r2—|—w2—a—>+ ! o).
2 i) et -

We have ib = — 31w h? + iBow™h?, and N?72 4+ w? — a?/4 > 3w?/4, so

514 4p4
Prw’h < —lah‘g’w‘l 1 2[f1|w*h _

\/N27T2+w2—a2/4 -2 V3 (86)

1
Re s ~ —éah?’uﬂ F

Therefore, Re s < 0 for a > 4|3;|h/+/3, and we conclude that there can be no exponen-
tially growing solutions with |A| > |b|, when « exceeds that value.

Case 2, |\| < 1: If |\| < 1, we can replace (71) by

A—b
AL\
Nrp e

ie.,

A= —b+ O0b*?). (87)
Then (63) gives us

a2 a CL2 .
== — W AR o ) — W — iBwiht — Bawth?, (88)
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and by making the same expansion as above we obtain

|B1|w? R

V3

Hence, in this case, Re s < 0 for a > 2|31|h/v/3, and there can be no exponentially

growing solutions with |[A\| < 1 when « satisfies that inequality. Note that (87) implies
that [b] < 1 when |\ < 1.

1
Re s ~ —Eah3w4 +

Case 3, |A| < Clb|: From Case 2 above, we know that |b|] < 1 when |\] < 1. We can
therefore assume |b| > §; > 0. Since |b| = w*h®\/32 + B2w?2h? and |wh| < 1,

ah ™3 <|w| < h7L (89)
Let us define a complex number p such that
A+b=pb, (90)
that is, |p — 1| < C. There are two possibilities:
a) l[p| >9>0, b)lp|<ex 1.

For possibility a), we start by deriving a bound for Re A. Let A, = Re A and \; = Im \.
From (71)

A+b—2b 2b 2 2
A A i I TR i S R [
‘ ’ AT '— +‘A+b‘ TS
and therefore ) 5
Arg—log(l—l—g):cQ. (91)

By solving the characteristic equation (63) for s, we have

:——:I:\/——wz A2+ 2iN A + A2

Since (89) bounds |w| from below, A? < w?. Hence, we can neglect this term, expand the
roots of s as before, and use (91) to get

ca| il

5 .
\/sz—l—)\?

Let p, = Rep and p; = Im p. The relation (90) gives \; = Ew?h®, where the real valued
coefficient £ = p; 82 + (pr — 1)Biwh. Clearly, for all |p| > § and |wh| < 1,

) 3
M ek s

\/ﬁwQ + A2 \/§ + £2wOh0

1
Res < —§ah3w4 +
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Since |w| is bounded from below by (89), Re s < 0 for a > 2cyezc; 'h*/4,
For possibility b), we exploit that Re A > 0 for Re s > 0. We have

A=-=b(1-p), |p|<1. (92)

When p = 0, this case reverts to (64) and the half-plane problem. For 5 > 0, Re (—b) =

—Bowth? < 0, but Re A > 0 for Re s > 0, which is contradicted by (92). Hence there are

no solutions with Res > 0 when 5 > 0. When 3, < 0, f; < 1, 2] < 1, Theorem 3

applies and the problem can be stabilized by a small amount of dissipation o > K| 3s].
For the perturbed case, |p| = €, € < 1, a simple computation yields

Re (—b+ pb) = (=1 + p,)Bow’h® — p;B1w°h?,

and Re (=b+ pb) < 0if (=14 p,)f2 + |pifh] <O, i.e.,

6> 125 ~ il (9

Hence, when |p| < ¢, there can not be any solutions with Res > 0 when (93) is satisfied.
For B < €|f], we can apply the same expansion as in Theorem 3 for the half-plane
problem. Since A is perturbed by pb = O(¢), the roots of s can only be perturbed by O(e)
and the amount of dissipation necessary to stabilize the problem remains essentially the
same.

This concludes the proof of Theorem 4.
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